A polarizable water model, SWM6, was developed and optimized for liquid phase simulations under ambient conditions. Building upon the previously developed SWM4-NDP model, additional sites representing oxygen lone-pairs were introduced. The geometry of the sites is assumed to be rigid. Considering the large number of adjustable parameters, simulated annealing together with polynomial fitting was used to facilitate model optimization. The new water model was shown to yield the correct self-diffusion coefficient after taking the system size effect into account, and the dimer geometry is better reproduced than in the SWM4 models. Moreover, the experimental oxygen-oxygen radial distribution is better reproduced, indicating that the new model more accurately describes the local hydrogen bonding structure of bulk phase water. This was further validated by its ability to reproduce the experimental nuclear magnetic shielding and related chemical shift of the water hydrogen in the bulk phase, a property sensitive to the local hydrogen bonding structure. In addition, comparison of the liquid properties of the SWM6 model is made with those of a number of widely used additive and polarizable models. Overall, improved balance between the description of monomer, dimer, clustered, and bulk phase water is obtained with the new model compared to its SWM4-NDP polarizable predecessor, though application of the model requires an approximately twofold increase on computational resources.
I. INTRODUCTION
Computational approaches based on empirical force fields are widely used as routine techniques to study biomolecules, facilitating the interpretation of experimental results as well as allowing for predictions that motivate experimental studies. 1 As the most common solution for biological processes, a water model is always the starting point for any force field development effort toward a full description of biomolecular systems. 2 Biomolecular force fields are based on simple parametric energy functions, and the quality of the force field parameters determines the reliability of the computational results. An ideal force field model of water should correctly reproduce the structural, thermodynamic, and dynamic behavior of water. However, due to its unique set of physical and chemical properties, development of a water model based on a simple energy function that accurately reproduces a wide range of water properties is still a challenging task and being revisited continuously. [3] [4] [5] Many classical force field models, in which the energy function treats the nonbond terms in a pairwise additive fashion and implicitly incorporates induced polarization by optimizing the fixed partial atomic charges to yield average polarizable induction in the bulk phase, have been developed for water. [6] [7] [8] [9] [10] [11] [12] [13] [14] While commonly employed in simulations, such as the TIP3P model, 8 additive models have the inability to capture the sensitive polarizable feature of water, and thus result a) Author to whom correspondence should be addressed. Electronic mail:
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in unbalanced descriptions among its microscopic and bulk properties. For example, additive water models usually overestimate the zero-field dipole moment in order to get better performance on bulk properties. 9 To overcome this limitation, polarizable water models that explicitly treat the polarization via different techniques including induced dipoles, fluctuating charges, and the classical Drude oscillator (or Shell model), have been developed in recent years. [15] [16] [17] [18] [19] [20] [21] [22] With explicit polarization implemented using the classical Drude oscillator model, [23] [24] [25] the SWM4-DP (SWM represents "simple water model" and DP represents "Drude polarization") and the subsequent SWM4-NDP model (NDP represents "negative Drude polarization") of water were introduced into the CHARMM family of force fields. 26, 27 Targeting four important bulk properties, vaporization enthalpy, density, static dielectric constant, and self-diffusion coefficient, the optimized models were shown to have better performances than additive models and outperform many of the polarizable models available at that time. Specifically, the models have a good balance between the treatment of single, clustered, and bulk phase water, and perform well in simulations under ambient conditions. [28] [29] [30] However, some drawbacks are also present that motivated the present effort. First, in the development of the SWM4 models, the diffusion coefficient, which was used as target data, was evaluated without system size correction. It has been shown that, unlike other dynamical properties such as viscosity, diffusion coefficients calculated using molecular dynamics (MD) with periodical boundary condition (PBC) are system size dependent and simulations on a small number of water molecules will result in underestimation of the diffusion coefficient. 31 Thus, with the optimized model targeting the uncorrected data, the actual value for the diffusion coefficient of SWM4-DP and SWM4-NDP is expected to be overestimated (see below). Second, as pointed out in the development of SWM4-DP model, 26 the water dimer displayed an acceptor angle of 70
• as compared to the experimental value 32 of 58 • , resulting in an underestimated total dipole moment of the dimer. This was the results of empirical optimization aimed at reproducing the tetrahedral hydrogen bonding pattern in bulk water, a property that represents a challenge for a rigid four-site model. Thus, with such a compromise, the hydrogen bonding structures cannot be reproduced perfectly for both microscopic (i.e., dimers and clusters) and bulk water. Finally, during development of the biomolecular Drude force field, lone pairs (LP) were introduced on hydrogen bond acceptors; 33 however, LPs are not present on the SWM4 models, which may be considered a limitation that may also contribute to less than ideal treatment of hydrogen bonding.
The goal of present paper is to develop a new model of water based on the existing SWM4-NDP model that overcomes the two main issues discussed above while maintaining the performance of the remaining properties. This largely involves optimization of a new model that will yield improved balance between the description of microscopic and bulk phase water based on improved hydrogen bonding geometries. It should be noted that several new polarizable models of water were published after the SWM4 series of models and designed for different purposes. [34] [35] [36] [37] For example, TTM3-F model was designed to accurately describe the energies of small water clusters and vibrational spectra of water. 34 As most biomolecular simulations are done under ambient conditions, the current new model of water is designed to target properties of water under room temperature and pressure conditions.
II. THEORY AND METHODS

A. Functional form of the model
To make the new model simple and consistent with the existing SWM4-NDP model, only rigid models with fixed geometry and fixed charge sites were considered. The inclusion of LPs in the model is expected to improve the geometry of the water dimer. A good illustration is the TIP5P water model, that, with the help of LP sites, yields a tetrahedral orientation and results in an acceptor angle that is closer to the experimental value when compared to the TIP4P water model. 9 However, a five-site rigid model with a reasonable LP geometry significantly underestimates the quadrupole moment of the water monomer, 9 which was shown to lead to an incorrect dielectric constant of bulk phase water. 38 For example, the Q xx , Q yy , and Q zz components of the TIP5P model are −0.17, 1.65, and −1.48 DÅ, respectively, 9 as compared to experimental values of −0.13, 2.63, and −2.50 DÅ. To further illustrate this, Figure 1 presents the dependence of the quadrupole moments on the LP geometry for a five-site water model with no charge on the oxygen and when the dipole moment is fixed to the experimental value of 1.85 D. 39 If one wants to get a reasonable quadrupole moment, an unphysi- . When the θ LOL = 360 • , the five-site model is equivalent to a four-site model and the star indicates the value of the SWM4-NDP model. cal LP geometry is needed. For example, to get quadrupole moments similar to a four-site model, the distance between the oxygen atom and LPs (r OL ) need to be as large as 1.8 Å when the LP intervening angle θ LOL is a physically reasonable value of 110
• as shown in Figure 1 . Similar results are obtained if the partial atomic charges are also distributed on the oxygen atom in a rigid five-site water model ( Figure S1 of the supplementary material 40 ). While, in principle, such a model would be possible, the position of the LPs would be close to the van der Waals surface of their parent oxygen as judged by the Lennard-Jones (L-J) R min parameter, leading to instabilities in molecular mechanics (MM) calculations.
Indeed, the importance of reproducing the quadrupole moments as well as the dipole moment by a water model is well known 14, 41 and many water models explicitly incorporate quadrupole moments such as the SSDQO 42 and AMOEBA 15 water models. Though many liquid properties such as density and heat of vaporization are only sensitive to the dipole moment, quadrupole moments were shown to be more important in many other aspects. [43] [44] [45] And since the SWM4-NDP model already describes the quadrupole moments very well by utilizing an auxiliary site (M site), it was decided that a five-site model was not an appropriate model to improve upon the SWM4-NDP model. Thus a six-site model, for which LP sites were introduced as small perturbations to the existing four-site model, was pursued. It was anticipated that such a model may yield an improved description of the water dimer geometry without losing the description of quadrupole moments which will benefit from the M site as defined in a four-site rigid model. Interestingly, Niu et al. reported that six partial charge sites are necessary to account for the large quadrupole of water. 46 This was attributed to the p-orbital character perpendicular to the water plane as well as a shift of negative charge toward the hydrogens; these three regions correspond well with the locations of the LP and M sites, respectively, in the current model.
The functional form of the current model may, therefore, be considered a hybrid of the TIP5P and SWM4-NDP models and the geometry of the model is depicted in Figure 2 . The water molecule is kept in its experimental gas • . Six interaction sites are defined including one oxygen and two hydrogen atoms, one massless site (M site) located at a fixed distance r OM from the oxygen atom along the bisector of the H-O-H angle, and two additional massless sites (LP sites) located at a fixed distance r OL from the oxygen atom in the plane perpendicular to the water plane and separated by an intervening angle θ LOL . The explicit polarization is introduced by a classical Drude oscillator attached to the oxygen atom through a harmonic spring with force constant k D . Unlike the SWM4-NDP and TIP5P models, where the oxygen atom carries no charge in the zero field, a positive charge q O 0 was put on the oxygen atom in the new model as preliminary tests showed that, without this additional degree of freedom in the parameter space, no optimal models could be found to reasonably reproduce both the gas phase and bulk phase properties. As the oxygen atom carries the Drude polarizability of the model, it does carry charge in a non-zero field even if its partial charge was zero, thus such additional zero field charge on the oxygen does not increase the computational costs of the model. The permanent molecular dipole of the new model is created by positive charges on the hydrogen (q H ) and oxygen (q O 0 ) atoms, and negative charges on LP (q L ) and M (q M ) sites. The induced dipole of the water molecule in a field E created by its surrounding molecules is given by αE, where α is the molecular polarizability and equals q D 2 /k D , where q D is the charge carried by the Drude particle. In this work the Drude was assigned a negative charge, as in the SWM4-NDP model, to represent the electronic degrees of freedom of the molecule. Thus, in a non-zero field, the oxygen atom in the model carries a positive charge q O that is equal to q O 0 -q D and the L-J potential only operates between oxygen atoms with a well depth ε O and a minimum energy distance R min, O . The total potential energy between two water molecules, A and B, is then given by Eq. (1) using the CHARMM Drude polarizable force field functional form, 48 
U AB
where the Coulombic potentials are calculated between all intermolecular pairs of charged sites s, i.e., oxygen and hydrogen atoms, M and LP sites, and the Drude particle. To maintain consistency with the SWM4-NDP model, the new model with six interaction sites is named SWM6-NDP, or in short, SWM6. It should be noted that there is already an additive six-site water model available, which was designed for simulation of ice and water near the melting point, rather than for liquid water under ambient conditions.
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B. Parametrization strategy
Several parameters in the SWM6 model need to be adjusted to obtain an optimal model. Similar to the SWM4-NDP model, a spring constant of 1000 kcal/mol/Å 2 is used for the Drude particle and the associated Drude charge q D (i.e., the polarizability α) is a free parameter. Also, the permanent dipole of the model is fixed to match the experimental gas phase value of 1.85 D. 39 Thus, for a given geometry to maintain a total charge of zero, only three out of the five charge parameters need to be adjusted. Here we choose q O 0 , q L , and α (corresponds to q D ), and together with the three geometric parameters (r OM , r OL , θ LOL ) and two L-J parameters (ε O , R min,O ), yielding a total of eight parameters that were optimized. Unlike the SWM4-NDP model which was optimized targeting four essential properties of bulk phase water, the SWM6 model was optimized to be able to get the correct dimer geometry in addition to the bulk properties, i.e., targeted properties include quadrupole moments of the monomer, dipole moment, equilibrium acceptor, and donor angles, and potential energy surface (PES) of the dimer, vaporization enthalpy, density, static dielectric constant and selfdiffusion coefficient of liquid phase water at ambient conditions. A systematic grid based search in the full parameter space, as used for SWM4-NDP, is not practical considering the additional parameters and target data used for SWM6. To perform the parametrization within a computationally feasible context, a strategy, as will be described below, was designed and a flow chart of the approach can be found in Figure S2 in the supplementary material. 40 During development of SWM4 models, it was observed that there is a one-to-one correspondence between interaction energy of the water dimer (U dimer ) and interaction energy of bulk phase water ( u) for a small region in parameter space. 26, 27 A relationship was also found between the oxygen-oxygen equilibrium distance of the water dimer (d OO ) and the molecular volume of bulk phase water ( v ). Such correspondence between (U dimer , d OO ) and ( u, v ) pairs can be used to expedite the parametrization procedure. First, all parameters were adjusted freely, though limited to physically reasonable ranges to yield specific (U dimer , d OO ) pairs while targeting experimental data including quadrupole moments of the monomer, dipole moment of the dimer, and equilibrium acceptor, and donor angles of the dimer as well as quantum mechanical (QM) energies from a PES scan of the acceptor angle as defined in Figure 2 . This step is designed to locate models yielding specific U dimer and d OO 50, 51 was employed using the algorithm of Goffe et al. 52 to facilitate this step. Starting with a temperature of 500 K, the SA method minimized a predefined error function by successively adjusting parameters at each step and either accepting or rejecting the new parameter set based on the Metropolis criterion. 51 The temperature was gradually reduced to near 0 K at the end of a SA run to obtain converged result. The error function is the sum of all differences between MM and experimental or QM data for all properties mentioned above with appropriate weighting factors. The weighting factors were determined from several test runs to achieve a balanced contribution of the different terms to the error function. The weighting factors for differences on U dimer and d OO were set to be relatively large to ensure the obtained parameter set yields the targeted values of these two properties. Details about the SA setup and the error function can be found in the supplementary material. 40 The models generated from the first step were then used to calculate u and v from short time MD simulations. This step was iterated with the first step until a model was identified that yields values of both u and v close to the corresponding experimental data. Then based on this model, a 3 × 3 × 3 × 3 × 3 × 3 × 3 × 3 grid spanning local parameter space was used to generate 6560 models (i.e., 3 values as x-δ x , x, and x+δ x for each parameter around the current optimal value x with a small parameter grid size δ x , results in 6561 combinations including the original model) and short time MD simulations were performed to calculate u, v , average dipole μ and height of the first peak in the oxygen-oxygen radial distribution function g OO (1) . The last two properties were used to help to indirectly target the dielectric constant ε and uncorrected diffusion coefficient D PBC which cannot be accurately evaluated from short time MD simulations but have strong correlations with μ and g OO (1) as observed during development of the SWM4 models. Several long time MD simulations were performed to explore the correlations between ( μ , g OO (1) ) and (ε, D PBC ), showing that in order to obtain the experimental value for ε, μ should be approximately 2.43 D, and a value close to 3.10 for g OO (1) is needed for a correct D PBC value. Here the target value of D PBC was evaluated using the method of Yeh and Hummer 31 with the experimental data 53, 54 of diffusion coefficient D 0 and viscosity η. From the MD simulations, four second-order polynomial interpolation formulas P (α, q O 0 , q L , r OM , r OL , θ LOL , ε O , R min,O ) were fitted for the four properties using the R program, 55 and the optimal model was selected as the starting point for next round of optimization. Then another 3 × 3 × 3 × 3 × 3 × 3 × 3 × 3 grid with reduced parameter ranges around the optimal model was used to generate an additional 6560 models and the four properties for each model were evaluated from the fitted polynomial formulas. The top models given by the polynomial formulas were then subjected to short-time MD simulations to validate the predictions. If large differences between the predicted and MD results were found, then these MD results were added to the previous MD results and used for new polynomial fitting. Such polynomial fitting and MD validation were repeated until a model that reproduces the target data to a high level of accuracy was located.
C. Computational details
All empirical force field calculations were performed using version 36 of CHARMM. 48 Gas phase MM energy minimizations of the water dimer were performed using the adopted basis Newton-Raphson (ABNR) minimization algorithm to a gradient tolerance of 10 −5 kcal/(mol Å) with an infinite nonbonded cutoff distance. MM PES scans of the water dimer were performed by building the rigid geometries in CHARMM and harmonic restraints with force constant of 10 000 kcal/(mol rad) were placed on the scanned degrees of freedom followed by minimization of all other degrees of freedom. The bulk phase properties of the SWM6 models were calculated using MD simulations performed on 216 water molecules in a cubic box with PBCs. The particle mesh Ewald summation method 56 with a coupling parameter of 0.33 for the charge screening and fourth-order spline for the mesh interpolation was used to treat electrostatic interactions. The nonbond pair lists were maintained out to 18 Å and a real space cutoff of 15 Å was used for both electrostatic and L-J interactions with a isotropic long-range correction used for the L-J term. 57 MD simulations were performed in the isothermal-isobaric (NPT) ensemble using the velocity Verlet (VV2) integrator 58 and extended Lagrangian double-thermostat formalism with the TPCONTROL module implemented in CHARMM. 25 A Nosé-Hoover thermostat 59, 60 was applied to all non-Drude atoms to control the global temperature of 298.15 K for the whole system. A second Nosé-Hoover thermostat was used to control the relative motion of each oxygen-Drude pair at a low temperature of 1 K to ensure that the time course of induced dipoles stays close to the self-consistent field regimen. A modified Anderson-Hoover barostat was used to maintain the system at constant pressure of 1 atm. A relaxation time of 5 fs was used for the Drude oscillator thermostat while 0.1 ps was used for the main thermostat and the barostat. The water molecules were kept rigid during the simulation by SHAKE/Roll and RATTLE/Roll procedures. 58 During the optimization, each model was simulated for 150 ps with the first 50 ps treated as equilibration and a time step of 1 fs was used.
For the final optimal SWM6 model, various microscopic and bulk phase properties were evaluated. For comparison purpose, properties were also calculated with the same simulation setups for the SWM4-NDP model. Properties of the water dimer were calculated in the same way as described above in the model optimization stage. QM PESs of the dimer were performed at the MP2/aug-cc-pVTZ level 61, 62 with tight tolerances using the GAUSSIAN 03 program. 63 To characterize the binding energies of gaseous water clusters, QM geometries were read into CHARMM, the individual water intramolecular geometries set to the MM values and the cluster subjected to an ABNR minimization to a gradient tolerance of 10 −5 kcal/(mol Å). To calculate liquid properties, 40 independent MD simulations in the NPT ensemble starting from the same initial coordinates but with different random initial velocities were performed for 150 ps. Averaged properties and uncertainties were then calculated from the last 100 ps of each simulation and result in a total of 4 ns of MD sampling. To investigate the impact of system size and simulation time on the calculated properties, five additional independent 4 ns MD simulations were performed for a water box of 1000 molecules. For dynamic properties such as viscosity and relaxation times, 40 independent MD simulations in the microcanonical ensemble (NVE) were performed for 150 ps each to avoid artificial perturbations from the extended Lagrangian degrees of freedom. The initial coordinates for the NVE MD simulations were collected from 40 state points from a MD trajectory in the canonical ensemble (NVT) at 298.15 K and a constant volume corresponding to the average density calculated from the above described NPT simulations. The last 100 ps of simulation time from each NVE simulation was used for analyses. To calculate the air/water interface properties, a system of 216 waters contained in an L × L × L cube was simulated in slab geometry in an L × L × 3L rectangular PBC cell. With this PBC setup, two separated vacuum/water interfaces were maintained during the MD simulation. Here L corresponds to the average density of the model that is 18.65Å for SWM6 model and 18.66 Å for SWM4-NDP model. Five independent MD simulations in the NVT ensemble were equilibrated for 100 ps followed by a 1 ns production run resulting in a total sampling time of 5 ns.
The free energy of hydration was obtained using the free energy perturbation method and calculated as a sum of dispersion, repulsion, and electrostatic contributions, which were calculated with the linear coupling scheme. 64 The weighted histogram analysis method 65 was used to obtain free energies from 300 ps production MD simulations and contributions with different staging parameters were summed. The final value was averaged from ten such calculations from independent MD simulations initiated with different initial velocities.
To further examine the ability of the new water model to reproduce the local hydrogen bonding structure in the bulk phase, nuclear magnetic shielding of the water hydrogen atoms, which is a sensitive indicator of the hydrogen bonding, was calculated. The approach developed by Sebastiani and Parrinello, 66 which was shown to give good estimation of NMR shifts, 67 was used. Similar to the procedures adopted by Banyai et al., 68 30 structures were extracted from a NPT MD trajectory of a system of 32 water molecules and the nuclear magnetic shieldings were calculated with the BLYP method 69, 70 and the Goedecker type pseudopotentials 71 for the two hydrogen atoms in all water molecules, using the NMR module implemented in the CPMD program. 72 This results in 2 × 32 × 30 = 1920 data points for which the average was evaluated to represent the final nuclear magnetic shielding of the water hydrogens for the SWM6 model. For comparison, this property was also calculated for TIP4P-Ew, 
III. RESULTS AND DISCUSSION
A. Optimal model
The parameters defining the optimal SWM6 model are presented in Table I along with parameters of the SWM4-NDP and the original additive TIP3P model. Compared to other sites in the SWM6 model, the LP sites carry a relatively small negative charge. This is consistent with the designed purpose that the LPs are introduced as small perturbations to the four-site model to improve the hydrogen bonding structure of water while maintaining the reproduction of the other properties. Nonetheless, distinct differences of the parameters are found between the SWM6 and SWM4-NDP models. The L-J parameter ε O of the SWM6 model is smaller than that of SWM4-NDP though R min,O is similar. This suggests that the SWM6 electrostatic terms make a larger contribution to the bulk properties relative to the van de Waals portion of the nonbond interactions. Compared with the two polarizable models, the TIP3P model has a smaller L-J parameter R min,O which is consistent with its smaller equilibrium oxygen-oxygen distance of the water dimer and smaller molecular volume of bulk phase water as listed in Table II . The SWM6 model has a smaller polarizability as compared to the SWM4-NDP model. As presented in Table II , the molecular polarizability of the SWM6 water model is 10% smaller than that of the SWM4-NDP model, resulting in a scaling factor of 0.61 compared to 0.68 for SWM4-NDP. This may be attributed to the additional charge sites in the SWM6 model that partially describe the dipole and higher order moments in the bulk phase and allow the use of a smaller explicit polarization.
B. Monomer and dimer
Similar to the two SWM4 models, the permanent dipole of the isolated water molecule is set to the experimental value of 1.85 D for the SWM6 model. With a negative charge 9 . Uncertainties are given in parentheses if reported. The three components of the traceless quadrupole are defined using center of mass as origin, the origin-oxygen direction as X axis, the hydrogen-hydrogen direction as Y axis, and the perpendicular direction as Z axis. b Instead of directly taken from the original paper, properties for SWM4-NDP were re-evaluated here using the same simulation setups as used for SWM6. Uncertainties are given in parentheses. c The SWM6 20 × 150 ps MD simulations were repeated with a 12 Å cutoff for the L-J and real-space electrostatic interactions, yielding results within the error estimations of the presented results performed with at 15 Å cutoff. The calculated liquid properties using a box of 1000 waters run for 5 × 4 ns simulations are within the error estimations of the presented results (see Table S4 of the supplementary material 40 on the M site, the three components of the quadrupole moment can be reproduced to a quality similar to that of the SWM4-NDP model without using unphysical LP geometries as discussed above. Though it is possible to accurately reproduce the quadrupole moments with the available degrees of freedom in a six-site model, for example, a six-site model (3P+2L 146 +M) with a charge of one electron on the LP sites was found to exactly reproduce the QM level quadrupoles, 46 however, it has not been shown that such models can yield reasonable bulk phase properties. As mentioned above, the gas phase polarizability of SWM6 is significantly smaller than the experimental value of 1.44 Å 3 (Ref. 74 ) and such reduced polarizability is essential to reproduce the dielectric constant of the liquid as widely found in the development of polarizable models for other polar molecules. [75] [76] [77] Although the polarizability is 10% smaller that that of the SWM4-NDP model, the average molecular dipole μ in the bulk phase is almost the same as shown in Table II . A reduced polarizability may be required to accurately model the bulk phase because no shielding function is introduced to damp inter-molecular electrostatic interactions at short distances, as done in the AMOEBA model.
With the presence of negatively charged LPs in SWM6, the minimum interaction energy U dimer is more negative and the oxygen-oxygen distance d OO is shorter for the water dimer as compared to the SWM4-NDP model. The experimental dimer geometry 32 is better reproduced with SWM6 compared to SWM4-NDP, with a smaller hydrogen bond acceptor angle. With this geometry, the total dipole of the dimer for SWM6 is considerably larger than that of SWM4-NDP and closer to the experimental value. The open angle geometry of the SWM4-NDP water dimer is a compromise designed to reproduce the tetrahedral hydrogen-bonding pattern in bulk phase water. However, such a compromise is not needed for a six-site model as the presence of the LPs favors tetrahedral hydrogen bonding geometries. Alternatively, the flexible AMOEBA water model, which includes partial atomic charges, polarizabilities, dipole moments, and quadrupole moments on the oxygen and hydrogen sites, yields a water dimer O-O distance of 2.89 Å in better agreement with experiment while the acceptor and donor angles are similar to the present model. Figure 3 shows dimer PES scans of the acceptor angle and rotation around the oxygen-oxygen axis. During the scans, the oxygen-oxygen distance was fixed to the equilibrium value from the corresponding QM or MM levels and the scan of the intermolecular degree of freedom was conducted with all other degrees of freedom fully optimized. Compared to the SWM4-NDP model, the SWM6 model better reproduced the global minimum position of the flapping PES (Figure 3(a) ) and the barrier height of the rotational PES (Figure 3(b) ) at the MP2/aug-cc-pVTZ level.
C. Water clusters
The performance of the SWM6 model on water clusters was investigated with respect to the high level calculations of Shields et al. 78 on systems of (H 2 O) n with n = 3-10. The binding energies and the structural root mean-square deviations (RMSD) from QM geometries are presented in Table III . Instead of a global conformational search, full optimizations were directly conducted from the QM geometries using the MM models. Similar to the SWM4-NDP model, the SWM6 model estimates the binding energies to be less negative than the QM values, as also found for other polarizable models. 16, 26 This is attributed to the scaled polarizability and it has been shown that more negative binding energies that are closer to the QM values can be obtained by using the experimental gas phase polarizability in a polarizable model. 26 However, with a smaller scaling factor, smaller deviations from the QM data are found for SWM6 with an average deviation of 2.45 kcal/mol compared to 3.32 kcal/mol for SWM4-NDP. This suggests that the more sophisticated charge distribution in SWM6 makes a larger contribution relative to the polarizability in reproducing the binding energies. Considering the relative stabilities for different isomers of a water cluster, both SWM4-NDP and SWM6 fail to recognize the most stable isomer for the water hexamer according to the QM data, though they capture the crosspoint feature that non-planer isomers become more stable than the cyclic ones beyond the water hexamer. 78 However, in contrast to the QM study, a recent rotational spectroscopy study suggested that the cage isomer is energetically more favorable than the prism isomer for the water hexamer 79 which is the case for the two polarizable models. So, if the experimental result is used as a reference, the four-site model gives the correct stability ordering for the hexamers, while six-site model fails to differentiate between the book and the cage isomers. As the energy differences between these hexamer isomers are quite small and no intramolecular geometry relaxation was allowed in the optimization of MM water clusters, the performance of the polarizable water models on water clusters with low hydrogen bonding coordination is quite acceptable. Both SWM4-NDP and SWM6 models can reproduce the QM hydrogen bonding structures reasonably well, with SWM6 performing slightly better as indicated by the smaller average structural RMSD. It should be noted that SWM4-NDP also fails to reproduce the relatively large energy difference of 1.57 kcal/mol between the PR1 and CA1 water heptamer isomers, while SWM6 model yields the correct stability ordering with an energy difference of 0.66 kcal/mol. Interestingly, to the best of our knowledge, all site-based water models that can accurately reproduce the bulk phase properties overestimate (less negative) the cluster energies. On the other hand, a number of water models have been developed specifically targeting cluster energies during the optimization. For example, DPP2, 35 ASP-W4, 80 and TTM series of models 34, 81 were developed for this purpose. However, these models, when used for bulk phase simulation, do not give satisfactory results. For example, the TTM3-F 34 and TTM2-R 81 all far overestimate the vaporization enthalpy of liquid water, though they can reproduce the QM water cluster energies accurately.
D. Air/water interface
To study if the SWM6 model can appropriately describe the anisotropic interfacial environment, the air/water interface properties were calculated. The surface tension γ was computed using Eq. (2) with the three diagonal pressure tensor components of the whole system 82 and the interfacial electrostatic potential was obtained by integrating the charge density ρ(z) along the z axis that is perpendicular to the interface using Eq. (3),
The γ value for the new model is somewhat smaller than that of SWM4-NDP model but is still closer to the experimental value as compared to TIP3P. With the explicit polarizability, the polarizable model can describe the anisotropic environment better than the additive model, which is optimized for an isotropic bulk environment and considers polarization in an average way. After plotting the electrostatic potential profile along the z axis (see Figure S3 in the supplementary material 40 for details), a fast potential drop is observed at the interface between −14 and −6 Å and a notable minimum at around −7.5 Å is found which corresponds to the average inward ordering of the molecular dipoles at the surface. After −6 Å, the potential becomes flat along with small fluctuations that correspond to the isotropic bulk phase behavior. The potential drop is estimated to be 558 mV, similar to the value of 572 mV for SWM4-NDP, and the total potential profile is quite similar to other polarizable models 83, 84 but with a deeper well at the interface suggesting the enhanced description of the interfacial water structure by the SWM series of models. It has been shown that the value of the interfacial potential in polarizable models arise largely from the trace of the quadrupole moments.
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E. Bulk phase
The average net gain of internal energy upon liquefaction, u, which is related to the vaporization enthalpy, h, through Eq. (4) with subtraction of the thermal contribution from the Drude particle (T Drude = 1 K) is well reproduced by the SWM6 model and the average molecular volume v is also close to the experimental value,
SWM6 yields a similar average molecular dipole μ as SWM4-NDP that falls into the range of 2.4-2.6 D, which has been suggested to be important to get the correct dielectric constant for simple water models. 26, 86 The experimental value of 78.4 for the static dielectric constant is both perfectly reproduced by the SWM6 and SWM4-NDP model calculated using Eq. (5), 87 where M is the total dipole of the whole system and the high frequency dielectric constant ε ∞ is estimated from the Clausius-Mossotti equation. 88 As noticed before, 26, 89 unlike other liquid properties, the evaluation of ε requires an extended simulation time for convergence ( Figure S4 in the supplementary material 40 ) and the convergence profiles obtained here are very similar to that presented for the SPC/E model as studied by Gereben and Pusztai,
The dielectric relaxation was investigated as the Debye relaxation time τ D evaluated from exponential fits of the decay of the total dipole autocorrelation function as defined in Eq. (6) . 90 Similar to SWM4-NDP, the SWM6 model yields a larger relaxation time than the experimental value while the additive TIP3P give a faster dielectric relaxation,
The shear viscosity η was calculated from the integration of the time autocorrelation function of off-diagonal pressure tensor components with the Green-Kubo relation 91, 92 using Eq. (7),
Similar to previously reported results, 93 the pressure autocorrelation function shows a fast decay and oscillations within 0.2 ps, followed by a slower decay ( Figure S5(a) in the supplementary material 40 ). Integrating the autocorrelation function gives the viscosity and its convergence can be found in Figure S5 (b) in the supplementary material. 40 The evaluated η value of 0.87 cP for SWM6 is much closer to the experimental value of 0.89 cP than that of either SWM4-NDP or TIP3P.
The self-diffusion coefficient without system size correction, D PBC , was calculated from the mean squared displacement of the center-of-mass (COM) of all molecules under the Stokes-Einstein relation 94 according to the Eq. (8). D 0 was computed using Eq. (9) as suggest by Yeh and Hummer 31 with the system size correction estimated using the calculated viscosity η. By targeting a value with size correction taken into account, the SWM6 model yields a D 0 value that is closer to the experimental data while the SWM4 model overestimates the self-diffusion coefficient but has a value that is significantly lower than that of the additive TIP3P model,
It should be noted that the system size correction had not been considered previously during development of most water models, which limits comparisons with experimental diffusion coefficient. For example, the diffusion coefficient for TIP4P-Ew water model was calculated to be 2.4 × 10 −5 cm 2 /s for a box of 512 water molecules in the original paper, 12 which is quite close to the experimental value. However, using the evaluated viscosity of 0.74 cP, 95 D 0 is calculated as ∼2.7 × 10 −5 cm 2 /s using Eq. (9), which is larger than the experimental value. For some water models, the agreement between the calculated and experimental self-diffusion coefficient becomes even better when the system size correction is considered. For example, D PBC was calculated to be 1.96 × 10 −5 cm 2 /s for a box of 512 water molecules 96 and η was calculated as 1.35 cP for the AMOEBA model, 15 which results in a D 0 value of 2.14 × 10 −5 cm 2 /s, much closer to the experimental value. According to our knowledge, besides the current work, the size correction was only considered in one water model development work published recently. 36 This suggests that reoptimization may be considered for those water models whose target data included the self-diffusion coefficient.
Rotational dynamics of the new model was investigated by calculating the NMR relaxation time τ HH 2 , which was evaluated from exponential fits of the long time decay of the correlation function 17 defined in Eq. (10) where the u HH is the unit vector along the two hydrogen atoms within a water molecule,
The obtained τ HH 2 value for SWM6 is somewhat larger than the experimental value while SWM4-NDP has an underestimated value. The additive TIP3P model significantly underestimates the experimental value by about 60%. The ordering of the relaxation time given by different models is consistent with the ordering of their diffusion coefficients. With a lower self-diffusion coefficient, a longer relaxation time is expected.
The hydration free energy was also calculated and listed in Table II . The resulting G hydr value of SWM6 model is quite similar to that of the SWM4-NDP model and satisfactorily reproduces the experiment value when considering the wide uncertainty range of the experimental data. oxygen-oxygen RDF, though the height of the first peak in the g OO (r) is more overestimated by the SWM6 model, the position of the first peak is better reproduced compared to the outward shift by the SWM4-NDP model. The shape of the first minimum and the second peak in the g OO (r) are also better reproduced by the new model, while the SWM4-NDP model has a higher first minimum and lower second peak. This indicates that the new model has a more ordered water shell structure than the SWM4-NDP model. Compared to several other water models (Table S1 in the supplementary material 40 ), the new model also shows better agreement with the experimental oxygen-oxygen RDF, especially for the positions and heights of the first minimum and the second peak. The good performance of SWM6 in reproducing the experimental g OO (r) suggests that the local water structure in bulk phase is better reproduced with the new model. To further characterize properties related to the local water structure, NMR shielding, and the related chemical shifts, which are sensitive indictors of the local hydrogen bonding structure, were calculated following the protocol used by Banyai et al. 68 It was shown that the applied density functional method based protocol can give chemical shifts that are close to the experimental value for the bulk water structures collected from ab initio MD simulations. 68 The results are shown in Table IV 68 it can be concluded that the SWM6 model yields local hydrogen bonding structures that are closer to the ab initio MD structures when compared to the other tested models.
Since the new water model is developed as a more accurate version of the SWM water models, the above discussions mainly concentrated on comparisons with SWM4-NDP and the commonly used additive TIP3P model. However, performance of the SWM6 model is also quite competitive when compared to other water models as shown in Tables S2 and S3 in the supplementary material. 40 For those models for which the appropriate data is available, the accumulated absolute percentage differences of important monomer, dimer, and liquid properties are summarized in Table V and compared to the new model. The overall percentage differences are consistent with the general consensus. That is, the performance improves with an increased site number in the TIP series of water models (i.e., TIP3P, TIP4P, and TIP5P). The advanced versions of the TIP4P model, TIP4P-Ew, and TIP4P/2005, have better performances than the TIP4P and the polarizable models perform better than additive models. The new SWM6 model shows significant improvement over all the additive models as well as the more sophisticated AMOEBA polarizable model.
Though not optimized for simulations under non-ambient temperature and pressure conditions, the temperature dependence of liquid density was investigated in order to understand the performance of SWM4-NDP and SWM6 water models over a wide temperature range ( Figure 5) . Results for the additive TIP5P model, which was optimized to capture the density anomaly of water, are also shown in the figure. Generally speaking, compared to the experimental data, the densities of all models decrease too fast with increasing temperature above 300 K, with the densities of the SWM6 model slightly closer to the experimental data as compared to the SWM4-NDP model. The SWM6 model shows a density maximum around 235 K, which underestimates the experimental temperature of maximum density (TMD) by about 40 K; the SWM4-NDP model does not show a density maximum above 220 K. The TIP5P model reproduces the correct TMD.
Since the liquid densities at various temperatures or the TMD was not included as target data during the optimization, as done for the TIP5P, 9 TIP4P-Ew, 12 and TIP4P/2005 13 water models, it is not surprising that the new model does not reproduce the experimental temperature dependence of the density. But it is still promising to see a peak, which is an improvement over the SWM4-NDP model, though the TMD is underestimated by 40 K. Recently, Kiss and Baranyai discussed why the site-based rigid polarizable models typically do not get the correct temperature dependence of density compared to additive models. 37 It was suggested that the polarization decreases with increasing temperature due to a loss of hydrogen bonding, a phenomenon that cannot occur in additive models, leading to a larger decrease in the density of water at higher temperatures. This phenomenon also leads to an enhanced increase in the density at lower temperatures. Flexible polarizable models, such as AMOEBA, 15 partially overcome the problem by allowing internal geometry changes, which were found to make an important contribution to the anomalous density maximum. 96 To the best of our knowledge, no site-based model, including both additive and polarizable models, can reproduce both the TMD and properties under ambient conditions to a high accuracy. For example, TIP4P-Ew 12 and TIP4P/2005 13 have the correct TMD, but the dielectric constant at 298 K is underestimated by 18% and 23%, respectively, and the selfdiffusion coefficient is overestimated by 19% and 8%, respectively. TIP5P 9 and TIP5P-Ew 14 have the correct TMD and their dielectric constants are much closer to the experimental value, but the self-diffusion coefficients are even more overestimated compared to the four-site models. The polarizable AMOEBA model has a reasonable TMD 96 and satisfactorily reproduces both the dielectric constant and self-diffusion constant; however, it overestimates the viscosity by 52%. While not the final word, this analysis indicates that site-based models can either reproduce the TMD or the properties under ambient conditions to a high level of accuracy. In the current model, we focused on the properties under ambient conditions, which are more relevant for that majority of MD simulations of biological systems.
IV. CONCLUSION
A new six-site polarizable model of water, SWM6, for which LP sites were introduced into the SWM4-NDP model followed by additional optimization, is presented. The new model has a similar M site geometry as its four-site predecessor. The distance between the LP sites and the oxygen atom is 0.315 Å, which is similar to the distance obtained from QM electrostatic analyses 46 suggesting the physical relevance of the LP positions in the SWM6 model. The overall quality of the new model on bulk phase water is comparable to the SWM4 models while the self-diffusion coefficient was corrected for the system size effect in the new model. With a more sophisticated charge distribution, the dimer properties are better reproduced as are the relative energies of water clusters. Overall, the new model has an improved balance between descriptions of microscopic and bulk phase properties, compared to most additive and polarizable water models developed previously. Moreover, the local hydrogen bonding structures in the liquid phase are better reproduced in the new model as indicated by the g OO (r) and NMR properties. However, the temperature dependence of the SWM6 water model, though better than the SWM4-NDP model, still does not correctly model the density maximum in agreement with experiment.
It should be noted that the newly developed SWM6 model has not been tested with respect to solvation properties of ions and other types of molecules. Preliminary data indicates that the hydration free energy of one SWM6 water in a box of SWM4-NDP waters is similar to that of one SWM4-NDP water in a box of SWM6 waters and also similar to that for pure SWM4-NDP or SWM6 bulk water (not shown). While this is not sufficient to say that the new water model is fully compatible with the CHARMM Drude force field, it indicates the compatibility of the models and more tests of the model with respect to this important property will be undertaken. It should also be noted that the new model is not developed for routine use but rather to be considered when the local hydrogen bonding of water is important and high accuracy is needed. The computational demand of SWM6 is estimated to be approximately two times more than that of SWM4-NDP and five times more that that of TIP3P based on simulations of 216 water molecules on an 8 core node with version 36 of CHARMM. The newly developed SWM6 model will be available as part of the CHARMM polarizable force field topology and parameter files on the website of the MacKerell laboratory (http://mackerell.umaryland.edu/).
